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In this work, we have experimentally studied the emission of radiation from a monopole source embedded
in a photonic crystal. We have demonstrated the enhancement of radiation at the band edges and at the cavity
modes including coupled cavity modes. Moreover, we have shown that the emission of radiation from a source
depends on the group velocities of the modes and on the electric field intensities of the modes at the source
location.






























































The possibility of altering the spontaneous emission fr
radiation sources by means of electromagnetic mode di
butions different from that of free space mode distributi
was first predicted in 1946 by Purcell.1 This effect has been
investigated experimentally in cavities with simple geo
etries, such as plane mirrors and spheres.2,3 Yablonovitch4
proposed a different class of periodic structures, which
now call photonic crystals~PC’s!, that can be used to contro
spontaneous emission. PC’s are structures with periodic
electric constant variations. Periodic dielectric const
variations lead to electromagnetic band gaps~where there are
no propagating electromagnetic modes! along certain direc-
tions in the crystal.5–8Absence of modes along certain dire
tions can be used for various applications, such as mi
scopic lasers,9 resonant antennas,10 and optical switches.11
Most of the work devoted to the PC’s up to now ha
focused on the transmission and reflection properties of P
However, this provides little insight into how a PC modifi
the emission properties of a radiating source. The effec
PC’s on the radiation properties of sources have been t
retically investigated by several authors.13–16,12 Interesting
phenomena such as photon-atom bound dressed sta16
nonexponential decay of spontaneous emission near the
edge,15 and strong inhibition of emission and enormous e
hancement of radiation12 have been reported. These wor
have revealed that PC’s may provide far-reaching con
over the spontaneous emission and the radiation dynamic
sources. For instance, spontaneous emission can be
hanced, suppressed or attenuated in all or certain direct
by changing the density of modes.12
Surprisingly, only a few experiments have been repor
on the radiation properties of localized sources inside P
Preparation of well defined systems is the major problem
such experiments. Some experiments have been perfor
to investigate the emission properties of dye molecules
bedded inside PC’s.17,18 These experiments have led to d
ferent interpretations and are still subject to discussion.19,20
On the other hand, it has been suggested that similar eff
such as nonexponential decay rates,21 inhibition of radia-
tion,22 enormous enhancement at the band edges12 and cavity
modes23 can be observed at longer wavelength scales.
The effect of PC’s on the radiation of a localized source























pends on position and frequency. For a PC, LDOS is prop
tional to the amplitude of the electric field at the positio
where the source is located. On the other hand, it is inver
proportional to the group velocity of the mode,]v/]k, at
which the source radiates.24 In this sense, PC’s provide eno
mous control over the radiation of a source, since for a P
is possible to find positions with high or low electric-fie
amplitude and a mode with low or high group velocity.
this paper, we report the radiation properties of a finite-s
line source, which we will call hereafter a monopole sour
embedded inside a PC.
II. ENHANCEMENT OF RADIATION AND REDUCED
GROUP VELOCITIES
In our experiments, we have studied the emission of
crowave radiation from a monopole source located insid
PC and a monopole source located inside various de
structures created inside a PC. The monopole source is
tained by removing 0.5 cm of the cladding from a coax
cable and leaving the metal part. The monopole sourc
then excited by the network analyzer. An HP-8510C vec
network analyzer is used in our measurements. HP-85
network analyzer is capable of measuring both intensity
phase. The phase information obtained from the meas
ment is used to determine the delay time or the photon l
time. The photon lifetime is defined astp5]w/]v. Here,w
is the net phase difference between the phase of the ele
magnetic~EM! waves propagating inside the photonic cry
tal and the phase of the EM waves propagating in free sp
for a total crystal length of L. The photon lifetime corre
sponds to the propagation time of the EM waves inside
photonic crystal.25 Hence, group velocity is inversely propo
tional to the photon lifetime. The photon lifetime and i
physical interpretations have been rigorously studied by O
takaet al.26–29 It has been shown that the optical density
modes is directly proportional to the photon lifetime.29
A. Enhanced emission from the monopole at the band edges
For a finite PC, the group velocities of the modes at
band edges are expected to be small30–32 and correspond-
ingly, the photon lifetimes are expected to be high. Henc
follows that LDOS is high at the band edge modes as LD















































IRFAN BULU, HUMEYRA CAGLAYAN, AND EKMEL OZBAY PHYSICAL REVIEW B 67, 205103 ~2003!The PC used in the experiments is a 25325 square array
of cylindrical alumina rods whose radius is 1.55 mm a
dielectric constant is 9.61. The separation between the ce
of rods along lattice vectors isa511 mm. The structure tha
we have used in our experiments has a filling fraction
0.062. The photonic band structure and the correspon
eigenvectors are calculated by plane-wave expan
method. Figure 1 shows the photonic band structure of
corresponding infinite photonic crystal for the first four T
polarized ~electric field is parallel to the axis of the rod!
bands. According to the band structure calculations the lo
band edge of the first band gap alongG2X is at 8.70 GHz
and, the upper band edge of the first band gap alongG2X is
at 13.20 GHz.
We have measured the transmission properties and
photon lifetime of the PC along theG2X direction. The
transmission measurement@Fig. 2~a!# indicates that the lowe
edge of the first band gap along theG2X direction is around
8.7 GHz and the upper edge is around 13.2 GHz. Th
values are in agreement with the photonic band struc
~Fig. 1!. The measured photon lifetimes around the low
band edge and the upper band edge are shown in Figs.~b!
and 2~c!, respectively. As shown in both figures, the del
time significantly increases near the band edges. The ph
lifetime near the lower edge is 12.9 nsec, which is 143
larger than the time required for the em waves to propag
along the structure~0.92 nsec!. So, the PC reduces the grou
velocity of light at this frequency by a factor of 14. For th
upper edge, the lifetime is 19.2 nsec, which corresponds
22 times reduction for the speed of light.
The enhancement factor for the EM waves emitted from
monopole source along theG2X direction is measured fo
various source locations inside the center cell of the photo
crystal. The enhancement factor is defined as the ratio of
intensity of the EM waves emitted from a source loca
inside the photonic crystal to the intensity of the EM wav
emitted from a source in free space. Figures 3~a! and ~b!
show the enhancement factors measured at various so
locations inside the center unit cell for frequencies near
lower edge and the upper edge, respectively. The sourc
cations are shown in Fig. 3~c!. Although enhancement o
radiation is expected for the band edge modes, the enha
FIG. 1. Band structure of the corresponding infinite photo























ment factor is not the same at all of the source locations.
nhancement factors presented in Figs. 3~a! and ~b! show
that the enhancement factor decreases for the lower b
edge and increases for the upper band edge as we mov
source away from the center rod. This can be explained
the fact that the emission of radiation depends on the in
sity of the modes at the source location. The modes of
lower band edge are dielectric modes, while the modes of
upper band edge are air modes. Hence, as we move
source away from the center rod, LDOS and correspo
y
FIG. 2. ~a! Transmission alongG2X between 8 and 14 GHz
~b! Solid curve represents transmission and dashed curve repre
photon lifetime for the lower band edge alongG2X direction.~c!
Solid curve represents transmission and dashed curve repre
































RADIATION PROPERTIES OF SOURCES INSIDE . . . PHYSICAL REVIEW B 67, 205103 ~2003!ingly, the enhancement factor is expected to decrease fo
lower band edge and increase for the upper band edge
also observe that the maximum enhancement factor for
upper band edge is higher than the enhancement facto
the lower band edge. This can be attributed to two ma
factors. First, for the lower band edge the electric field int
sity of the mode is high inside the high dielectric materi
Since the high dielectric region of the photonic crystal is n
experimentally accessible, the possible highest enhance
factor cannot be measured for the lower band edge. Sec
FIG. 3. ~a! Enhancement factor near the lower band edge al
G2X for a source located at A: 0.13a, B: 0.33a, C: 0.53a away
from the center rod. D represents the measured photon lifetime~b!
Enhancement factor near the upper band edge alongG2X for a
source located at A: 0.13a, B: 0.33a, C: 0.53a away from the
center rod. D represents the measured photon lifetime.~c! A, B, and










the higher bands are flatter than the lower bands. This res
in lower group velocities for the upper band edge for a fin
photonic crystal.33 Hence we expect LDOS and enhanceme
factor to be higher for the upper band edge when compa
to the lower band edge.
The photonic band structure~Fig. 1! shows that at the
lower band edge frequency along theG2X direction there
are modes along other propagation directions, such as
equal frequency mode alongG2M direction. So, a mono-
pole source placed inside the photonic crystal can also r
ate into these other modes. On the other hand, at the b
edge frequency along theG2M direction, there are no suc
equal frequency modes along different propagation dir
tions. Hence we expect to observe higher enhancem
factors for the frequencies near the lower band edge al
G2M when compared to theG2X direction. We experi-
mentally check this argument by measuring the enhancem
factor near the lower edge of the first band gap along
G2M direction. The lower edge along theG2M direction is
around 10.15 GHz~Fig. 4!. Figure 5 shows the enhanceme
factor alongG2M for various source locations inside th
center cell of the photonic crystal around 10.15 GHz.
maximum enhancement factor of 4.2 is observed at the lo
band-edge frequency along theG2M direction, which is
higher than the maximum enhancement factor measured
the G2X direction.
g
FIG. 4. Solid curve represents the transmission along
G2M direction.
FIG. 5. Enhancement factor near the lower band edge al
G2M for a source located at A: 0.53a, B: 0.33a, C: 0.13a away




























IRFAN BULU, HUMEYRA CAGLAYAN, AND EKMEL OZBAY PHYSICAL REVIEW B 67, 205103 ~2003!B. Monopole inside a cavity
In the previous sections, we have emphasized the de
dence of LDOS and enhancement factors on the intensit
the modes at the source locations and on the group veloc
of the modes. In this sense, single cavity structures are pr
ising structures for the control of emission from radiati
sources, as the intensity of the cavity mode is localized
the group velocity for the cavity mode is reduced. Sing
cavity structures have been investigated by sev
authors.34–38A variety of applications utilizing cavity struc
tures have been proposed, such as single-mode light-emi
diodes,39 resonant antennas,10 optical filters,40 and resonant
cavity enhanced detectors.41
We have removed the center rod from a 939 square array
of alumina rods to create the single cavity structure. T
measured transmission and the delay data for the single
ity structure are shown in Fig. 6~a!. The transmission data
indicates that the defect mode is around 11.6 GHz wit
peak transmission of 0.025. The photon lifetime measu
ment shows an increase in the photon lifetime by a facto
48. This also means that at the defect mode the group ve
ity is 48 times smaller when compared to the electromagn
waves propagating in free space. In addition to the redu
FIG. 6. ~a! Solid curve represents transmission and dashed c
represents photon lifetime for the cavity mode.~b! Contour plot of
electric-field intensity for the cavity mode. Electric-field intensi
has been calculated by plane-wave expansion method. A 535 su-
percell has been used in the calculation.~c! Intensity of the electric
















group velocity, the computed mode profile in Fig. 6~b! shows
that the intensity of the cavity mode is localized inside t
cavity. Hence at the cavity mode we expect to observe h
enhancement factors for a monopole source located in
FIG. 7. ~a! Enhancement factor for a source located inside
cavity A: 0.23a, B: 0.43a, C: 0.63a, D: 0.83a, E: 13a away
from the rod.~b! A, B, C, D, and E show the source locations th
are used in~a!.
FIG. 8. ~a! Solid curve represents transmission and dashed cu
represents photon lifetime for the coupled cavity structure.~b!












































RADIATION PROPERTIES OF SOURCES INSIDE . . . PHYSICAL REVIEW B 67, 205103 ~2003!the cavity. Figure 7~a! shows the measured enhancement f
tor along theG2X direction for various source location
inside the cavity. Enhancement factor measurements for
cavity structure show that as we move the source towards
center of the cavity, the cavity frequency shifts to high
frequencies. This is due to the modification of the cavity
the finite size of the radiation source. We also observe tha
we move the source towards the center, the enhancem
factor for the corresponding cavity mode increases. Ma
mum enhancement factor is obtained when the source is
cated at the center of the cavity. This can be explained by
LDOS picture. Since the intensity of the cavity mode i
creases towards the center of the cavity, LDOS is expecte
increase as we move the radiation source towards the ce
of the cavity.
FIG. 9. Enhancement factor for a source located at the cente
~a! cavity A, ~b! cavity B, and~c! cavity C.
TABLE I. Measured enhancement factors at the first and ni
CC modes for a source placed at the center of cavities.
Cavity A Cavity B Cavity C
First mode 0.24 0.80 3.72












C. Monopole inside coupled cavity structure
Coupled cavity~CC! structures have been investigated
many authors for their wave guiding properties.42–47 These
structures provide a different mechanism for electromagn
wave propagation. In CC structures, the mechanism for e
tromagnetic wave propagation is the hopping of photons
to the interaction between the neighboring evanescent ca
modes.25 For CC structures, reduced group velocities for t
CC modes have been reported.25 Also the electric field inten-
sity of CC modes are localized in the coupled cavities.
The CC structure that we have used for our experiment
created by introducing ten single cavities to the 11th colu
of a 21321 square array of alumina rods. A single cavity
btained by removing one rod from the perfect crystal. Ea
cavity is separated from the neighboring cavity by one r
Figure 8~b! shows the details of the CC structure. The tran
mission and photon lifetime data presented in Fig. 8~a!
shows that there are ten cavity modes, which are equal to
number of cavities. At the CC modes, transmission is h
compared to the transmission through the photonic cry
without the coupled cavities. Transmissions as high as 1
have been observed at the CC modes. We also observe
the photon lifetime is increased at the CC modes. The
crease in the photon lifetime indicates that the group velo
of
FIG. 10. ~a! Contour plot of electric-field intensity for the ninth
CC mode. Electric-field intensity was calculated by the plane-w
expansion method using a 2335 supercell.~b! Electric-field inten-
sity for the ninth CC mode along the cross section shown w
dotted line in Fig. 10~a!. The cross section is along the direction
propagation and crosses the perpendicular direction at the cent
the cavities.~c! Contour plot of the electric-field intensity for th
first CC mode.~d! Electric-field intensity for the first cavity along
the cross section shown with a dotted line in Fig. 10~c!. The cross
section is along the direction of propagation and crosses the per






























































IRFAN BULU, HUMEYRA CAGLAYAN, AND EKMEL OZBAY PHYSICAL REVIEW B 67, 205103 ~2003!ties of the CC modes are reduced when compared to the
waves propagating in free space. For the first two CC mo
~CC modes are numbered in order of increasing frequen!,
we observed relatively low transmission compared to ot
CC modes. This low transmission indicates that coupling
these modes is poor.
Due to the strong interaction between the cavities,
structures drastically modify the spontaneous emission o
diation. We measured the enhancement factor when
monopole source is located at the center of the first ca
~cavity A!, the second cavity~cavity B!, and the sixth cavity
~cavity C!. The measured enhancement factors when
source is placed at the center of cavity A, cavity B, a
cavity C are shown in Figs. 9~a!–~c!, respectively. The en
hancement factors for the first and ninth CC modes are g
in Table I. We observe that when the source is placed ei
at cavity A or cavity B, ninth CC mode has the highest e
hancement factors, while the first CC mode has the low
enhancement factor compared to the other CC modes
cavity A and cavity B, enhancement factors of 16.3 and 1
have been observed respectively~Table I!. On the other
hand, Fig. 9~c! and Table I show that when we place th
source at cavity C, the enhancement factor for the first
mode is higher for cavity C, when compared to cavities
and B. This can be explained by the fact that the enhan
ment factor depends on the intensity of electric field at
source location. Since the intensity of the electric field
the ninth CC mode shown in Figs. 10~a! and~b! is high at the
centers of cavity A and cavity B, we expect higher enhan
ment factors for this CC mode when the source is place
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III. CONCLUSION
In summary, we studied the emission of radiation from
monopole source located inside a photonic crystal and in
various defect structures created in a photonic crystal.
showed the enhancement of radiation along with redu
group velocities at the band edges. Moreover, we experim
tally demonstrated the enhancement of radiation at a sin
cavity mode and at the CC modes. At the single cavity a
CC modes, low group velocities along with high electri
field intensities result in increased enhancement factors.
enhancement factor for a source depends on the group ve
ity of the mode and on the intensity of the electric field at t
source location.
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